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In this letter we propose an experiment to measure the Kondo effect for magnetic atoms adsorbed
on the surface of a metallic nanowire. In addition to the traditional sp-d hybridization, by introduc-
ing the strong electromagnetic field of the localized surface plasmon on the nanowire, we show that
it is possible to observe additional sp-d electron transfer processes assisted by surface plasmons. Due
to the good surface-to-volume ratio of the nanowire, the Kondo resonances here would be revealed
as multiple anti-resonances in the differential conductance versus bias voltage curve.
The Anderson model was introduced initially to ex-
plain the localized magnetic moments in metals[1]. The
Coulomb repulsion on the impurities for localized orbitals
provides a great variety of interesting physics. One of the
important features is the appearance of the Kondo reso-
nance near the Fermi surface. It leads to many unusual
effects particularly in strongly correlated electronic sys-
tems. More recently the scanning tunneling microscopy
measurement of a single magnetic atom on a metallic
surface[2] was a direct observation of Kondo resonance.
Meanwhile, surface plasmon resonance (SPR), which
has been known for a long time to give rise to various
colors in fine noble metal particles, is an effect that can
be understood in classical electromagnetic theory[3, 4].
Its amplitude of EM field is strongly enhanced due to
the fact that it is highly localized near metal surfaces.
Also depending on the geometry, surface plasmon can be
non-radiative in some cases and therefore travel a long
distance.[5] These special characteristics have allowed
SPR to find its ways to many applications in different
areas, such as surface enhanced Raman scattering[6].
In this letter we propose an experiment as illustrated
in Fig. 1. The use of metallic nanowire serves two pur-
poses here. One is to maximize the scattering of the
electrons by the surface of the wire, so that the electrons
going through the wire are more sensitive to the Kondo
atoms on the surface. The other is for introducing sur-
face plasmons. Since surface plasmons only exist near
FIG. 1: Illustration of the experimental setup. T he sus-
pended metal nanowire is connected to an electrode at each
end for the measurement of the conductance. The Kondo
atoms such as Co are chemically adsorbed on the wire. The
surface plasmon can be excited by shining laser on one of the
electrodes[7].
the surface, the localization of the EM field caused by
the confinement in the transverse directions can ensure
the large EM enhancement. The strong EM field couples
to electrons through the j ·A interaction. The excitation
of the surface plasmon can be carried out in one of the
electrodes. It has been shown that surface plasmon can
travel coherently up to 10 µm in a single-crystalline silver
nanowire[8].
The Hamiltonian considered is
H = HC +HT ;
HC =
∑
kσ
ǫkc
†
kσckσ + ǫd
n∑
i=1
Nd∑
ν=1
d†iνdiν + U
∑
iνν′
nidνnidν′
+
∑
q
~ωqa
†
qaq +
∑
kσiνq
Vkiqckσd
†
iν(aq + a
†
q) + hc,
HT =
∑
j=L,R
∑
kσ
(ǫk + µj)b
†
jkσbjkσ
+
∑
j=L,R
∑
kk′σ
tjkk′ckσb
†
jk′σ + hc. (1)
HC describes the Anderson model for a nanowire with
n impurities coupled to assisting photons. ckσ and diν
are the annihilation operators for the electrons on the
wire and on the ith atom. aq is the annihilation op-
erator for the surface plasmon. The indices k and q are
assumed continuous in the longitudinal direction and dis-
crete in the transverse directions of the wire. The inelas-
tic electron-surface plasmon scattering term comes from
the j ·A interaction, where j is the tunneling current be-
tween the wire and the atom. The same j ·A interaction
for the current inside the wire has been integrated into
the self-energy of the EM field which gives rise to the neg-
ative dielectric constant in metal and forms the surface
plasmon[9]. The tunneling term in the original Anderson
model for the sp-d hybridization is included in the q = 0
term, where ωq=0 = 0. HT describes the coupling of the
nanowire to the identical electrodes at both ends. bLkσ
and bRkσ denote the annihilation operators for the elec-
trons on the left and the right lead, respectively. µL and
µR are the chemical potentials of the fermi seas on the
leads.
The surface plasmon field on the nanowire in gen-
eral has two kinds of modes, leaky modes and bound
2modes.[10]. In both cases, the condition for surface plas-
mon resonance derived from classical Mie scattering the-
ory is Re[εm(ω = ωSPR)] = −ε0. εm is the dielectric
constant of the metal, and ε0 is that of the surrounding
medium which is real and positive. The mechanisms for
the energy loss in the two kinds of modes are different.
The leaky modes lose energy mostly due to irradiation.
For the bound modes it is mostly caused by the internal
dissipation of the metal characterized by Im[εm], which
classically can be attributed to the Drude damping. How-
ever, when the size of the nanostructure is considerably
smaller than the electron mean free path, the dissipa-
tion of both bound modes and leaky modes is dominated
by Im[εm] as a result of the electrons’ scattering with
the surface[11]. In either case, the surface plasmon fre-
quency dependence of the field amplitude, or equivalently
the electron-surface plasmon coupling constant, can be
approximated as
Vkiq ≃ eik·riVq =
(
V
iκ/2
ωq − ωSPR + iκ/2 + V0δq,0
)
eik·ri ,
(2)
with κ the full width of the resonance. The electron
momentum dependence of the coupling constant enters
with different locations of the Kondo atoms. V0 describes
the original sp-d hybridization between magnetic adatom
and the metallic nanowire and V describes the coupling
of the sp-d current with the surface plasmon field. For
an isolated gold nanowire of diameters ∼ 30 nm and mi-
crometers length, the surface plasmon has a resonance
at ∼ 525 nm free space wavelength and a full width of
∼ 50 nm[12]. The intensity of the local electric field is
estimated to exceed the incident field by 103[13].
The DC current on the nanowire is given by the Lan-
dauer formula in an interacting electron region[14]
J = −2e
h
∫
dǫ[fL(ǫ)− fR(ǫ)]Im[tr{ΓGr}], (3)
where fL and fR is the Fermi distribution functions on
the left and the right leads, Gr ≡ Grkσk′σ′ is the full re-
tarded Green’s function for the electrons on the wire,
and Γ ≡ ΓLΓR/(ΓL + ΓR). ΓL is the electron tun-
neling rate to the left lead and is defined as ΓLkσk′σ =
2π
∑
k′′ ρ
L
k′′tkk′′t
∗
k′′k′ , so is Γ
R. ρLk′′ is the density of
states in the left lead. If we assume that ΓL and ΓR
are constants, then the expression is simplied to
J = −2eΓ
h
∫
dǫ[fL(ǫ)− fR(ǫ)]
∑
kσk′σ′
Im [Grkσk′σ′(ǫ)] .
(4)
Here we expand the retarded Green’s function to sec-
FIG. 2: Lowest non-trivial order Feynman diagram for F (iω)
in the 1/N expansion plotted with the same rules used in
Ref.([15]). The self energy correction for the left part of the
diagram where there is one localized electron and one more
or one less surface plasmon is neglected because of being at
least in the order of (1/N)1.
ond order∑
kσk′σ′
Grkσk′σ′(ǫ) ≃
∑
kσ
G0kσkσ
+
n∑
i=1
∑
kσk′σ′
G0kσkσe
ik·riF (ǫ)e−ik
′·riG0k′σ′k′σ′ ; (5)
G0kσkσ ≡
1
ǫ − ǫk + i(ΓL + ΓR)/2 ,
ρ0 = − 1
π
∑
kσ
Im[G0kσkσ], (6)
F (iω) ≡ −
∑
qν
|Vq|2
∫
dτeiωτ
〈Tτ [a†q(τ) + aq(τ)]dν (τ)[a†q(0) + aq(0)]d†ν(0)〉. (7)
By assuming that the locations of the Kondo atoms ri are
completely random, we can reduce the double momentum
sum into a single sum. The result for the differential
conductance is proportional to
∑
kσk′σ′
Im[Grkσk′σ′(ǫ)] ≃ −πρ0
(
1 +
n
ρ0D
ρ0
π
Im[F (ǫ)]
)
,
(8)
where D and −D are set to be the cut-off energies above
and below the Fermi level. On the right hand side of
Eq. (8), since ρ0 gives the information on the number
of conducting channels of the bare nanowire, the addi-
tional term in the parenthesis is the change caused by
the Kondo atoms. The part of ρ0Im[F (ǫ)] is the effect
contributed by one single atom. The factor n/ρ0D is
an interference parameter due to the random locations
of the Kondo atoms. This factor is basically determined
by the surface-to-volume ratio since n is the number of
atoms on the surface and ρ0D gives the total number of
states on the wire. The surface-to-volume ratio here also
contributes to the average coupling constants V and V0
because the surface states couple more strongly to the
atoms on the surface.
To evaluate the correlation function in Eq. (7), we
adapt the 1/N expansion with the approximation of
U →∞[15] to solve the photon-assisted Anderson model.
3To demonstrate the feasibility, it is sufficient to stop
at the second order perturbation theory and keep only
(1/N)0 terms. The lowest non-trivial order Feynman di-
agram plotted in Fig. 2 and the calculation of Eq. (7)
follows the procedures in Ref.[15].
Since kBT ≪ ~ωSPR, only the surface plasmon states
at the incident laser frequency are populated, and like
its laser source, is in a coherent state |αq〉δωq,ωl . Also it
is natural to assume that the laser frequency ωl = ωSPR
and the surface plasmon states have no degeneracy at
the laser frequency, so that |αq〉δωq,ωl = |αl〉. The self
energy correction at zero temperature to the right part
of the diagram in Fig. 2 is
Σ0(z) =
Nd∆0
π
ln
∣∣∣∣ z − ǫdz − ǫd −D
∣∣∣∣+ α2lNd∆π
·
[
ln
∣∣∣∣ z − ǫd − ωlz − ǫd −D − ωl
∣∣∣∣+ ln
∣∣∣∣ z − ǫd + ωlz − ǫd −D + ωl
∣∣∣∣
]
+
Nd∆
π
·
∑
q
(κ/2)2
(ωq − ωSPR)2 + (κ/2)2 ln
∣∣∣∣ z − ǫd − ωqz − ǫd −D − ωq
∣∣∣∣ , (9)
where ∆0 ≡ πρ0V 20 , ∆ ≡ πρ0V 2. The first term on
the right-hand side of Eq. (9) is the self energy as in
the original Anderson Model. The second term corre-
sponds to the electron hopping with stimulated surface
plasmon emission and absorption. The last term is the
electron hopping while spontaneously emitting a surface
plasmon. The difference between the result of the original
Anderson model and Eq. (9) is that there are two rele-
vant branch cuts here. The branch cuts and the graphical
solution for finding the poles are plotted in Fig. 3. As-
suming D ≫ ǫd, ωl, there are two poles corresponding to
the processes of electron tunneling with absorbing a sur-
face plasmon and without a surface plasmon. The case of
the dashed curve in Fig. 3 happens when the amplitude of
the incident laser is too large. Under this circumstances,
the Kondo effect is destroyed.
In the regime where the Kondo effect exists, the cor-
responding spectral function can be obtained by analytic
continuation. The result for T = 0 with the assumption
of ωl ≫ α2lNd∆, Nd∆0 is
ρ0Im[F (ǫ)] ≃ −Nd
[
∆0
∣∣∣∣1 + Nd∆0πδ0
∣∣∣∣
−1
δ(ǫ− δ0)
+α2l∆
∣∣∣∣1− α2lNd∆πδA
∣∣∣∣
−1
δ(ǫ+ δA)
+α2l∆
∣∣∣∣1 + Nd∆0πδA
∣∣∣∣
−1
[δ(ǫ − ωl − δ0) + δ(ǫ + ωl − δ0)]
+∆0
∣∣∣∣1− α2lNd∆πδA
∣∣∣∣
−1
δ(ǫ − ωl + δA)
+α2l∆
∣∣∣∣1− α2lNd∆πδA
∣∣∣∣
−1
δ(ǫ− 2ωl + δA)
]
. (10)
0εdεd-ωl
z
0
Σ 0
(z)
,z
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FIG. 3: Schematic graphical solution for the poles with the
self energy of Eq. (9), z = Σ0(z). The solid curve and the
dashed curve are the Σ0(z) for two different sets of parame-
ters. For the solid curve, in addition to the original pole at
z = ǫd − δ0, another pole at z = ǫd − ωl + δA appears corre-
sponding to the process of electron hopping while absorbing
a surface plasmon. The branch cuts, depicted as bold lines on
the top, are chosen to be at z < ǫd −ωl and ǫd < z < ǫd +ωl,
so that when the laser intensity α2l → 0 the system goes back
to the original Anderson model. For the dashed curve, there
is no pole lying outside the branch cuts, hence no Kondo res-
onance.
In the measurement of nanowire differential conductance,
the Kondo effect reveals itself as anti-resonances, which
corresponds to the case with Fano parameter q → 0[16,
17]. In the presence of the strong surface plasmon field,
the Kondo peak near the Fermi surface splits into two
due to the new opening of the surface plasmon assisted
tunneling. The side bands near ±ωl and 2ωl also appear.
The sizes of these anti-resonance peaks can be controlled
by varying the incident laser intensity[18]. The reduction
of the conductance at the antiresonances is due to the
electrons at these energies have a resonant binding with
the individual Kondo atoms and are unable to conduct
electricity.
To estimate the feasibility, an ab initio calculation is
carried out to estimate the parameters. Our ab initio cal-
culation of the electronic structures of Co atoms interact-
ing with the Au surface and the sp-d coupling strength
caused by the j · A term is based on the full potential
linear augmented Slater-type orbital (LASTO) method
developed by Davenport and coworkers[19, 20, 21]. The
LSDA+U scheme as described in Ref. [22] is adopted.
It is believed that the LSDA+U method is more reliable
than the LSDA method in determining the magnetiza-
tion of strongly correlated systems. To study the sp-d
hybridization between the Co adatom and the Au sur-
face, we adopt a “supercell” model which contains five
layers of Au on an fcc lattice (normal to the (111) di-
rection) and three more vacuum layers. One Co adatom
is placed on the (111) surface of the Au slab in each
40 1
ε (eV)
0
-
Im
[G
r ] 
(au
)
with surface plasmon
without surface plasmon
FIG. 4: The imaginary part of the retarded Green’s function
in Eq. (4) and Eq. (5). The delta functions in Eq. (10) are
artificially replaced by broadened Loretzian functions of equal
weight. The dashed curve shows the result of the Co atoms
adsorbed on gold nanowire, and the solid curve shows that
when the additional surface plasmon field is applied. It can be
clearly seen that the presence of the strong and high frequency
( ωl > |ǫd|) EM field significantly shifts the original Kondo
peak to the right and an extra peak below the Fermi level
appears.
√
3 × √3 surface unit cell (at equal distances from the
three Au atoms underneath). The surface-to-volume ra-
tio in this model is 1/5, so it corresponds to a nanowire
of radius 10 atomic layers or a diameter of 10nm with
1/3 monolyer Co coverage on the surface. The on-site ef-
fective Coulomb repulsion is taken to be U ∼ 2.8eV[23].
Our LSDA+U calculation shows that the averaged occu-
pancy of the Co d orbitals is 7.92 (or a spin polarization of
2.08 µB). With this occupancy, we obtain ǫd ∼ −1.18eV,
∆0 ∼ 0.4eV following the method used in Ref. [23]. As-
suming the incident laser of 525nm wavelength has the
focused intensity of 1011W/cm2, whose intensity of EM
field is amplified by the surface plasmon resonance by
103, the resulting parameters α2l∆ ∼ 0.2eV, δA ∼ 2meV,
and δ0 ∼ 0.72eV. The dI/dV curve is shown in Fig. 4.
With the STM technology, the atoms on the wire can
be arranged into any desired pattern. Then this design
can be used to investigate the transport properties of 1D
or 2D periodic Anderson model, since the nanowire can
be readily replaced by a thin film. The periodicity of
the Kondo atoms can be chosen at will, and the coupling
parameters of surface plasmon assisted tunneling can also
be tuned by simply varying the incident laser intensity.
If realized, this could bring the problem of traditionally
microscopic strongly correlated electron systems onto the
surface of a mesoscopic scale.
In summary, we have proposed an experiment to mea-
sure the surface plasmon assisted Kondo effect of mag-
netic atoms adsorbed on a metallic nanowire and mod-
eled the anticipated dI/dV curve via an ab initio calcu-
lation. Due to the good surface-to-volume ratio the elec-
trons going through the nanowire are forced to scatter
with the Kondo atoms, which in our numerical calcula-
tion on a Co/Au case gives a clearly observable effect. In
addition, the introduction of localized surface plasmon
field on the metallic nanowire adds new channels to the
sp-d hybridization so that the electrons now can hop on
and off the Kondo atom with absorbing or emitting real
photons, which results in multiple Kondo peaks.
The authors would like to thank Chii-Dong Chen, Yuh-
Jen Cheng, Kuo-Kan Liang, and Sheng-Hsien Lin for use-
ful discussions. This work was supported by Academia
Sinica, Taiwan.
[1] P. W. Anderson, Phys. Rev. 124, 41 (1961).
[2] V. Madhavan, W. Chen, T. Jamneala, M. F. Crommie,
and N. S. Wingreen, Science 280, 567 (1998).
[3] J. C. Maxwell-Garnett, Phil. Trans A 203, 385 (1904).
[4] G. Mie, Ann. Phys. 25, 377 (1908).
[5] D. Sarid, Phys. Rev. Lett. 47, 1927 (1981).
[6] M. Moskovits, Rev. Mod. Phys. 57, 783 (1985).
[7] J.-C. Weeber, Y. Lacroute, and A. Dereux, Phys. Rev. B
68, 115401 (2003).
[8] H. Ditlbacher, A. Hohenau, D. Wagner, U. Kreibig,
M. Rogers, F. Hofer, F. R. Aussenegg, and J. R. Krenn,
Phys. Rev. Lett. 95, 257403 (2005).
[9] D. Pines, Elementary Excitations in Solids (W. A. Ben-
jamin, Inc., 1963).
[10] R. Zia, M. D. Selker, and M. L. Brongersma, Phys. Rev.
B 71, 165431 (2005).
[11] A. Kawabata and R. Kubo, J. Phys. Soc. Jpn. 21, 1765
(1966).
[12] J. J. Mock, S. J. Oldenburg, D. R. Smith, D. A. Schultz,
and S. Schultz, Nano Lett. 2, 465 (2002).
[13] V. A. Podolskiy, A. K. Sarychev, and V. M. Shalaev,
Opt. Express 11, 735 (2003).
[14] Y. Meir and N. S. Wingreen, Phys. Rev. Lett. 68, 2512
(1992).
[15] A. C. Hewson, The Kondo Problem to Heavy Fermions
(Cambridge University Press, 1993).
[16] U. Fano, Phys. Rev. 124, 1866 (1961).
[17] V. Madhavan, W. Chen, T. Jamneala, M. F. Crommie,
and N. S. Wingreen, Phys. Rev. B 64, 165412 (2001).
[18] T. V. Shahbazyan, I. E. Perakis, and M. E. Raikh, Phys.
Rev. Lett. 84, 5896 (2000).
[19] J. W. Davenport, Phys. Rev. B 29, 2896 (1994).
[20] G. W. Fernando, J. W. Davenport, R. E. Watson, and
M. Weinert, Phys. Rev. B 40, 2757 (1984).
[21] Y. C. Chang, R. B. James, and J. W. Davenport, Phys.
Rev. B 73, 035211 (2006).
[22] S. L. Dudarev, G. A. Botton, S. Y. Savrasov, C. J.
Humphreys, and A. P. Sutton, Phys. Rev. B 57, 1505
(1998).
[23] O. U´jsa´ghy, J. Kroha, L. Szunyogh, and A. Zawadowski,
Phys. Rev. Lett. 85, 2557 (2000).
